Preparing dry specimens from liquid samples for XRF analysis avoids introducing caustic or hazardous liquids into the instrument. Several modifications were made to a dried residue specimen preparation method for quantifying gallium in plutonium metal in order to improve the method accuracy and precision. Ion exchange chromatography was utilized to remove the plutonium prior to casting the dried residue specimens. This coupled with several other changes improved the method relative error from ~5% to less than 1%. These results are sufficient for routine sample analysis and are almost comparable to results from the established process using liquid specimens. However, the analysis of radioactive liquid specimens is unnecessary for quantifying the plutonium gallium content using this dried residue approach.
INTRODUCTION
Gallium is alloyed with plutonium in manufacturing nuclear weapons, and quantifying the gallium content accurately is an essential step in the manufacturing process. WDXRF is a proven method for quantifying the gallium. The established XRF specimen preparation method involves an aqueous dissolution process in which chromatography is implemented to remove the plutonium [1, 2] . Recently, an alternate dried residue specimen casting process was developed to eliminate the need to analyze liquid radioactive specimens [2] [3] [4] .
In the aqueous method, the eluted gallium solution from the chromatography step is analyzed by XRF using zinc as an internal standard. Although excellent precision and accuracy are achieved with this method, the liquid specimens are radioactive due to residual amounts of plutonium as well as trace americium and uranium. Thus, the potential exists for radioactive solution to leak inside the instrument.
A common method for preconcentrating trace elements to improve XRF detection limits is to cast a sample solution in microliter sized spots that are then dried [5] [6] [7] [8] [9] [10] . In the current work, a dried residue casting process was used to prepare dry specimens from liquid samples. A sample is dissolved and then cast in microliter sized drops on Kapton film. After the drops dry, the specimen is sealed inside a cup and analyzed. The primary advantage for this method is that no radioactive liquids are introduced into the instrument. Also, since no acidic solutions are analyzed, the instrument steel cups are not corroded from the acid vapors.
Previous studies have demonstrated the viability of this dried residue process [2, 4] . However, the average relative precision and accuracy achieved in quantifying gallium in a set of plutonium test samples was approximately 4% and 5% respectively [2] . These results were adequate for a quick, preliminary analysis, but 1% relative error or better was required for the final reported results. This level of error is achievable with the established XRF aqueous method. Several modifications were implemented into the dried residue process in the current study to also obtain 1% error.
EXPERIMENTAL

Instrument.
A PANalytical PW2404 wavelength-dispersive XRF spectrometer with a 4000 W rhodium anode was used. The data were collected under helium. A LiF(200) crystal was used for wavelength separation. A 300 µm collimator was used in front of a scintillation detector. The gallium and zinc intensities were collected using 60 kV and 66 mA. A 2Θ angle of 38.9° was used to collect the gallium count rate (Kα line), and a 2Θ angle of 41.8° was used for the zinc count rate (Kα line). The gallium and zinc channel intensities were collected until a 0.1% relative counting statistical error (CSE) was reached. Two background channels at 38.4° and 39.5° were collected for gallium, and two background channels at 41.2° and 42.4° were collected for zinc. The total analysis time for each specimen was ~13.5 min.
Standards preparation. Casting solutions. Standard solutions were prepared containing the following nominal gallium levels: 900, 1100, 1250, 1450, 1650, 1800, and 2000 µg of gallium. A NIST traceable gallium primary standard (High Purity Standards) was used to prepare the above standards. To serve as an internal standard, 2000 µg of zinc were added to each solution using a NIST traceable zinc primary standard (High Purity Standards). The solvent used to prepare the standards consisted of 6.25% 6 M HCl, 12.5% 10 M HNO 3 , 62.5% 8 M HNO 3 , and 18.75% 0.5 M HNO 3 . This was the solvent composition of the casting solutions from the chromatography step for the plutonium test samples. Each standard was diluted to 16 mL using this solvent. All acids were prepared from trace metal grade primary acids (Fisher Scientific). Dried residue specimens. A 7.5 µm Kapton film (Chemplex) was mounted on one end of a double open ended specimen cup (Chemplex), and 27 x 3 µL drops of the first standard solution were cast on the cell interior side of the film. Five specimens were prepared in this manner from each standard solution. The specimens were air dried for ~1.5 days, and the open ends of the cups were sealed with microporous polypropylene film (Chemplex). A 5 µm polycarbonate film (Chemplex) was placed over the primary Kapton film. (The use of a secondary film is a facility safety requirement for analyzing radioactive specimens. Thus, secondary films were used with the standards as well.)
Test sample preparation. Chromatography. All acids were prepared from trace metal grade primary acids (Fisher Scientific). Six electrorefined, high purity plutonium metal samples (~0.25 g each) were used for the test study. These were each dissolved with ~1 mL of 6 M HCl using a few drops at a time every two to three minutes to allow time for hydrogen liberation to subside between additions. Approximately 1 mL of 10 M HNO 3 was added following the HCl dissolution step. The samples were spiked with between 1400 and 1500 µg of gallium using a NIST traceable standard (High Purity Standards). A control which did not contain any plutonium was also prepared following the same process. To prepare the anion-exchange resin for removing the plutonium, Bio-Rad AG MP-1 200 to 400-mesh resin (Cl − form) was rinsed with 4 M HNO 3 until it was completely nitrated. (No visible AgCl precipitate formed when 0.1 M AgNO 3 was added to the rinse). A 20 mL disposable chromatography column (Bio-Rad) was filled with ~8.5 mL of a slurry of the nitrated resin and 4 M HNO 3 at a 1:1 ratio by volume. After the resin settled to approximately the 5.5 mL level, it was compressed with a teflon filter to ~4.5 mL. The resin was then rinsed with ~6 mL of 10 M HNO 3 . A column was prepared for each metal sample and the control. The sample plutonium solution was allowed to drain through the column, and the plutonium was retained on the resin. The eluate was collected in a beaker containing 2000 µg of zinc (High Purity Standards) to serve as the internal standard. The sample container was rinsed with ~1 mL of 10 M HNO 3 and added to the column. The container was then rinsed with ~2.5 mL of 8 M HNO 3 and added to the column. After the rinse passed through the column, this step was repeated three more times. Dried residue specimens. The eluate volume for each sample from chromatography was increased to 16 mL using 0.5 M HNO 3 . Five dried residue specimens were prepared from each sample by casting solution drops with the same process used to prepare the standards specimens except that all work was performed inside an open front box to contain the radioactive material. After the specimens were dried and sealed with microporous film, an α radiation meter was used to check the exterior of each cup for contamination. Warning: The microporous film occasionally split in non-radioactive test samples after exposure to the X-ray beam. Since this film was not used on the analysis side, some slack was left in it by forming a dimple in the center when it was used to seal the cup. This minimized the film tension and prevented it from rupturing. A 5 µm polycarbonate film was placed over the primary Kapton film to serve as secondary containment during analysis.
RESULTS AND DISCUSSION
Several modifications were made to the dried residue specimen method in the current work to improve the relative error; an RSD of 1% or less is required for routine sample analyses. The primary source of error for this method is attributed to the severe matrix effects from the absorption of gallium and zinc X-rays by the plutonium. (Plutonium nitrate is a major component in the dried residue spots.) While the zinc internal standard is effective in reducing this matrix effect error, [2, 4] there is an ~600 eV energy difference between the gallium and zinc Kα peaks. Thus, the magnitude of gallium signal absorbed by the plutonium differs slightly from the amount of zinc absorption. Ion exchange chromatography was implemented in the current study to remove the plutonium prior to analysis to eliminate this matrix effect. This introduces an extra step in the dried residue process and adds additional preparation time, but the dried residue process maintains its primary advantage over the aqueous method of avoiding the need to analyze liquid radioactive specimens.
Other changes were also made in the dried residue method to improve the error. Mylar film was used previously for preparing specimens, [2] but Mylar contains trace levels of zinc. This does not affect the conventional aqueous method results because the specimens contain relatively large solution volumes (5 mL), but the dried residue specimens only contain ~10 µg of zinc, so the trace zinc in the Mylar can introduce some error. Kapton was used here for the specimen film because it is relatively free of contaminants. To improve the specimen signal-to-noise, the maximum source power of 4000 W was used, and the counting times were increased from those used in previous work [2] . Kapton is stable under heating from the X-ray source, so it was able to withstand these more severe X-ray exposure conditions. The specimen spot sizes were decreased from 15 µL in previous work [2] to 3 µL in the present study to produce thinner films, and the number of specimens per sample was increased from 3 to 5 to improve the method accuracy.
Standards. Five specimens were used in the calibration for each standard. The standards calibration curve was linear when the zinc internal standard was applied. The curve R value was 0.99954, and the RMS was 11 µg (standards ranged from 895 µg to 1988 µg of gallium).
Test Samples. Figure 1 shows a graph of the relative errors in quantifying the gallium content from all 35 specimens of the six plutonium test samples and the control. Out of all the measurements, ~75% were below 1% relative error; the highest specimen error was ~1.6%, and the minimum error was 0.03%. All the samples except #4 had at least one specimen value that exceeded 1% error; however, when the five values were averaged for each sample, the relative error was less than 1% in every case. Figure 2 is a plot of this average relative error vs. sample number. The customer sample analysis requirements only specify that the relative precision be less than 1%. The RSD values for each sample are shown in figure 3 , and all the RSDs are less than 0.8%, which satisfies this requirement. Future plans. The major focus for future work will be to reduce the sample preparation time and the turnaround time from receiving a sample to reporting the results. To achieve this, several factors will be studied. The use of a heat lamp will be investigated to speed up the spot drying time; although, the temperature will need to be maintained at a level the does not vaporize any gallium remaining in the chloride form in the dried residue spots. Two pieces (cuts) of plutonium are used for each sample with the approved aqueous method. Thus, preparing five dried residue specimens per sample cut would result in 10 data points. As demonstrated in the current work, only five data points per cut would suffice to obtain the required sample error. In future tests only three specimens will be prepared from each plutonium cut. This will provide six data values to average for each sample and simultaneously reduce the specimen preparation time per metal cut. Finally, using fewer specimen casting spots will be studied. The majority of the previous method error resulted from plutonium matrix effects, and this was eliminated with chromatography. Hence, increasing the casting spot size and using fewer spots should not increase the error significantly. Using fewer spots per specimen will therefore decrease the total sample preparation time.
CONCLUSION
Several modifications were implemented into the dried residue process for quantifying gallium in plutonium metal. These changes included using chromatography to remove the plutonium prior to analysis, using Kapton film to eliminate trace zinc contaminants present in Mylar, employing longer counting times and a higher power setting to improve the signal-to-noise, decreasing the casting spot size, and increasing the number of specimens. Using six plutonium test samples, a relative error of less than 1% was attained with this improved method, and RSD values for each sample were well below 1%. This satisfied the error requirements for these type of samples. Future efforts will focus on speeding up the sample preparation steps while maintaining this level of error.
